Clostridium fervidus is a thermophilic, anaerobic bacterium which uses solely Na+ as a coupling ion for energy transduction. Important features of the primary Na+ pump (ATPase) that generates the sodium motive force are presented. The advantage of using a sodium rather than a proton motive force at high temperatures becomes apparent from the effect of temperature on H+ and Na' permeation in liposomes.
Clostridium fervidus is a thermophilic anaerobe that ferments peptides and amino acids (10) . Metabolic energy is obtained from processes that lead to ATP synthesis by substrate-level phosphorylation, i.e., glycolysis and degradation of amino acids, and not by decarboxylation of substrates by membrane-bound ion-pumping decarboxylases (unpublished results; 3). Amino acid transport in C fervidus is coupled exclusively to sodium ions, indicating that the electrochemical gradient of sodium ions plays a pivotal role in the energy transduction of the organism (12, 14) . Recent studies have indicated that energy transduction at the membrane of C. fervidus is exclusively dependent on Na+ cycling (13) . Strikingly, Na+/H+ exchange activity could not be detected in cells or membrane vesicles of this bacterium (14) . The present paper elaborates further on the bioenergetics of C. fervidus (i) by characterizing the Na+-translocating ATPase and (ii) by comparing the ion permeabilities of artificial phospholipid membranes.
ATPase activity in inside-out membrane vesicles. ATPase activity in inside-out membrane vesicles was assayed as described previously (12) . ATP, dATP, and GTP were hydrolyzed equally rapidly, whereas the rate of UTP hydrolysis was about 30% of the rate of ATP hydrolysis. Mg2e ions were required for ATP hydrolysis, with an optimum concentration of Mg2+ of In the absence of Triton X-100, NaCl and LiCl stimulated ATP hydrolysis approximately fourfold, compared with KCl, RbCl, or choline chloride. In the presence of Triton X-100, the stimulating effect of NaCl and LiCl was lower but was still significantly higher than the effect of KCl ( Table 1 ). The lower activation by NaCl and LiCl in the presence of Triton X-100 is an indication that the interaction between the Fo and F1 parts is affected by the detergent. Stringent precautions were not taken to exclude Na+ from the assay buffer, and as a result, the zero concentrations in Table 1 reflect 50 ttM (contaminating) Na+. Altogether, the activation of ATPase activity by Na+ and Li+ is a further indication of the existence of a Na+-translocating ATPase.
A number of classical ATPase inhibitors/activators were (Fig. 2) , as would be expected of an enzyme from a thermophile. The optimum temperature of ATPase activity was 680C, whereas the activation energy was 64 kJ/mol. ATPase hydrolysis activity was enhanced in the presence of Triton X-100, but the enzyme was less temperature stable. The inactivation temperature Tj (defined as the temperature at which 50% of activity is lost within 10 min) was 670C and 720C in the presence and absence of Triton X-100, respectively. At 450C the ATPase was fully stable for at least 1 h.
The ATPase activities described in this study correspond with the enzyme that has been shown to translocate Na' upon the addition of ATP (13) . No indications were obtained for the presence of a (additional) H'-pumping ATPase. Other bacteria also possess Na'-ATPases or Na-translocating ATP synthases but maintain H' cycling at the same time (for examples, see references 3-5, 7, 11, 16). The best characterized Na'-ATPase is that of Propionigenium modestum (7, 8) . The Na'-ATPase from C. fervidus differs from the P. modestum Temperature (00) indicative of the ability of the enzyme to pump H' at low Na' concentrations. (iv) The ATPase of C. fervidus is inhibited by NO3 and activated by S032-. The latter characteristics have also been described for the V-type ATPases found in Archaea (9, 15) , Thermus thermophilus (17) , and Enterococcus hirae (5).
Na' and H' fluxes into liposomes. The effects of increased temperature on H+ and Na+ influx were examined in order to discern whether the use of Na' as the sole coupling ion would have some bioenergetic advantage for thermophilic fermentative organisms like C. fervidus. Liposomes were prepared in 10 mM potassium phosphate (pH 7.0) containing 100 mM KCl, 5 mM MgSO4, and 100 ,uM pyranine and were diluted 100-fold into buffer with 1 mM NaCl and 100 mM N-methylglucaminechloride. H+ influx in response to a membrane potential (inside negative) was started by the addition of valinomycin (200 nM) and was measured as a change in fluorescence of internal pyranine (2) . The rate of Na+ influx was estimated under the same conditions, from the uptake of 22Na' (43 MBq/liter) as determined by the filtration method (12) . Liposomes prepared from phospholipids extracted from C. fervidus showed almost the same H+ permeability as liposomes prepared from E. coli phospholipids plus egg phosphatidylcholine (data not shown). In these liposomes and under the conditions employed, the Na+ influx was approximately 7 orders of magnitude lower than was the H+ influx (Fig. 3) 
